In order to clarify the genetic structure and the phylogenetic relationships among brown trout (Satmo trutta) populations from Greece and other European countries starch gel electrophoresis was used. The populations come from various rivers from Greece and other European countries, flowing to the Atlantic or to the Mediterranean. Eleven enzymic systems were investigated. These correspond to 26 putative loci. A high degree of genetic polymorphism was found. The percentage of polymorphic loci ranged from 3.8 to 34.6 and the degree of expected heterozygosity from 0.016 to 0.1. F-statistics and clustering analyses indicated the existence of a high degree of differentiation. This differentiation is mainly between the Atlantic and the Mediterranean populations. Furthermore the Mediterranean populations seem to be divided into two groups. One includes the western Mediterranean populations and populations from western Greece and the other north-eastern Greek populations. The latter seem to be related to other Balkan populations and probably to Danubian or Black Sea populations. These results support the idea of two different lineages of Mediterranean brown trout populations, one of which is probably of aboriginal origin.
Introduction
The brown trout (Salmo trutta L.) is one of the best studied native salmonids of Europe. Its natural distribution includes diverse areas from North Africa and the Mediterranean regions to tributaries of the Caspian and Aral Seas and to Scandinavia. Furthermore, the species exhibits a high degree of variability in characters such as life history and morphology. As a result a great number of previously described forms are now considered to belong to the Salmo trutta species (MacCrimmon & Marshall, 1968; Elliott, 1989) .
The first studies on the genetic structure of this species, using allozymic data, were performed on Population genetics studies on brown trout from Mediterranean drainages indicate that these populations are genetically distinct from Atlantic populations (Krieg & Guyomard, 1985; Guyomard, 1989;  Garcia-Mann et a!., 1991). Another important feature of the Mediterranean populations, revealed by these studies, was their high degree of genetic diversity Karakousis & Triantaphyllidis, 1990) . Similar results have been reported for brown trout populations of the Black and Caspian Seas. These populations seem to differ significantly from populations of the Baltic and White Sea drainages and to exhibit a high degree of differentiation among themselves, as a result of bottleneck phenomena (Osinov, 1984 (Osinov, , 1989 (Osinov, , 1990 .
The origin of the Mediterranean brown trout populations is a matter of debate. Several authors consider the brown trout populations of the Mediterranean, Black and Caspian Seas as a component of the northern ichthyofauna, which invaded southern drainages through glacial flows (during the glacial periods) (Osinov, 1989) . Alternatively, the brown trout populations of these regions could be ancient aboriginal forms which have existed since the Pliocene. Nevertheless, according to Balon (1968) the brown trout populations of the Mediterranean drainages have their origin in ancestral anadromous populations of Salmo trutta mediterranea which disappeared from the sea during the last interglacial period (300 000 BP). It is more probable that a combination of all these events has had an impact on the genetic diversity found in these populations. Therefore it seems that there is more than one lineage in the Mediterranean region and some are of ancient origin.
In order to clarify the origin and diversification of
Mediterranean brown trout populations we used allozyme analysis. Other methods, such as mtDNA analysis, are also currently being used in our laboratory. Recent studies using microsatellite analysis support the distinctiveness of Mediterranean populations from Atlantic ones (Estoup et a!., 1993; Presa et al., 1994) . Studies on mtDNA sequence variation of control-region and protein-coding genes support the existence of different lineages in the Mediterranean drainages (Bernatchez a a!., 1992; Giuffra et a!., 1994) .
The aim of the present investigation is to examine the population genetic structure of brown trout populations of Greece and to clarify their phylogenetic relationships with other European populations. Previous results from our laboratory indicated the existence of a rather high degree of differentiation among the north and north-western Greek populations (Karakousis & Triantaphyllidis, 1988 . In this study we included populations of brown trout from the western and southern regions of the country. The freshwater fish fauna of these regions belongs to a different ichthyogeographical zone (Economidis & Banarescu, 1991) . The identification of different lineages in populations in such a restricted area as Greece is important for proper management policy designed to protect this species.
Materials and methods
Samples of brown trout were collected, by electrofishing, from eight different streams from western and south-western Greece (Fig. 1 ). Furthermore, samples from different European regions were included in the analysis. These are: one sample of S. trutta letnica from Lake Ohrid (Albania); one sample from the Tachov, a tributary of the Elbe in the Czech Republic; two samples from France, one from the river Caranca (Mediterranean drainage) and the other from the river Garonne, Pyrenees (Atlantic drainage); two samples from Spain, one from the river system of Jucar (Mediterranean drainage) and the other from a hatchery population with unknown origin (Fig. 1) . Sample sizes are indicated in Table 1 . Samples of tissues (white muscle, liver, heart, eye) were brought to the laboratory in liquid nitrogen, or on dry ice and in some cases on wet ice. Starch gel electrophoresis was used. Eleven enzymic systems were investigated (asp artate aminotransferase (AAT, EC 2.6.1.10), c&glycerophosphate dehydrogenase (z-GPDH, EC 1. Karakousis & Triantaphyllidis (1990) .
Global indices such as allele frequencies, tests for Hardy-Weinberg equilibrium, Nei's (1978) genetic distance and identity and UPGMA cluster analysis were performed using the BIOSYS-1 computer program (Swofford & Selander, 1981) . In the final analysis (F-statistics and clustering) we included data from previous investigations from our laboratory (Karakousis & Triantaphyllidis, 1988 . The Fstatistics were performed according to Weir & Cockerham's (1984) procedure and the differences of FST values among populations for each locus were tested with the f-test, x2 = 2NFST(k-1) with (k-1)(s--1) degrees of freedom, where N is the total sample size, k is the number of alleles for the locus and s is the number of subpopulations (Chesser, 1983) . The deviation of F1 from zero was tested by x2= NF12, where N is the total sample size (Hedrick, 1985) .
The differentiation of the populations was further analysed using the correspondence analysis of the NTSYS program (Rohlf, 1990) .
The Genetical Society of Great Britain, Heredity, 76, 551-560. Fig. 1 Sampling sites: 1, Venetikos; 2, Acheloos 1; 3, Acheloos 2; 4, Thyamis; 5, Aoos; 6, Evinos; 7, Mornos; 8, Alfios; 9, Caranca; 10, Garonne; 11, Tachov; 12, Jucar 1; 13, Jucar 2; 14, Ohrid. The letters indicate sampling collections from previous investigations (Karakousis and Triantaphyllidis, 1990 ): a, Nestos; b, Tripotamos; c, Skopos; d, Drosopigi; e, Agios Germanos; f, Louros; g, Voidomatis. 
Results
Eleven out of 26 loci were monomorphic in all populations examined (Table 2) . Forty-three alleles were found, but all these alleles, with the exception of one, have been reported by other investigators in previous studies. The new allele (IDH4*47) was found in the population of Evinos in only one individual ( Table 2) . Most of the polymorphic loci in the populations examined were in good agreement with Hardy-Weinberg expectations. Only five out of 53
tests were found to show significant statistical deviations after Bonferoni correction (Rice, 1989) ( Table 2 ).
The mean number of alleles per locus ranged from 1.0 to 1.4. The percentage of polymorphic loci (P) ranged from 3.8 to 34.6 (a locus is considered polymorphic if more than one allele is detected).
The values of observed heterozygosity (H0) ranged from 0.017 to 0.1 and of the expected heterozygosity (He) from 0.016 to 0.1 (Table 1) . The values for genetic distance ranged from 0.0 to 0.212 (Table 3) . The genetic diversity of the populations examined was further investigated using F-statistics (Weir & Cockerham, 1984) (Table 4) . F1 values provide estimations of Hardy-Weinberg equilibrium; deviations from 0 indicate deviations from Hardy-Weinberg expectation. The mean value found (0.0423) indicates that most of the loci are in good agreement with expectation. There is no significant deviation from 0 (x2 = 1.33; P>0.05). FST values provide estimates of differentiation among populations and were found to be significant for all loci (Table 4) , indicating a great degree of genetic diversity.
Based on these values and on data from previous investigations (Karakousis & Triantaphyllidis, 1990) a UPGMA dendrogram was constructed (Fig. 2) . The tree indicates the existence of three groups of populations, with the exception of the Agios Germanos population which clustered as a separate group. The first group (i) includes populations from northern Greece, the Ohrid trout and the population of brown trout from the Peloponnese (Alfios). The second group (ii) consists of populations from western Greece and Mediterranean drainages from France and Spain. The third group (iii) consists of populations from the Atlantic drainages (Fig. 2) .
The genetic relationships among populations were further investigated using correspondence analysis. Axis 1 of the analysis with an explanatory power of 33.16 per cent mainly differentiates the Atlantic populations (populations numbers: 10, 11, 12) (Fig.  3) . Axis 2 explains 18.63 per cent of the variance and accentuates the differentiation of the Agios Germanos population (Fig. 3) . In the same figure, the alleles which contribute mainly to the differentiation of the populations are also indicated. The results of this analysis demonstrate the divergence of the Atlantic and Mediterranean populations.
Discussion

Genetic polymorphism
Forty-three alleles were found in the present investigation ( Table 2 ). As indicated from the results of correspondence analysis (Fig. 3) , it is interesting to note the geographical distribution of some of these alleles.
CK1 *115, IDH3*160, LDH5*90, PGI3*110, 6PGDH1*86 exist only in the Atlantic drainage systems. These alleles were reported from other investigators as 'Atlantic' alleles (Ferguson, 1989; Hansen et al., 1993) . The LDH5*90 is considered as a new allele of brown trout, which does not exist in other salmonid species, and its distribution among Atlantic populations seems to be related to glacial extension (Hamilton et al., 1989) . The allele was not found in the Mediterranean populations examined. On the other hand, other alleles exist only in the Mediterranean populations, such as LDH2*n and ME2*50. The latter allele was found only in the Greek populations and its frequency was high in western Greek populations. Osinov (1989) reported a polymorphism with two alleles, '100' and '90', in the populations of the Caspian Sea drainages. A similar polymorphism to the ME2* locus, with two alleles, '100' and '125', has been reported in the Atlantic Salmon, Salmo salar (Cross et al., 1978) . This polymorphism was found to be clinal with latitude and highly correlated with summer temperature, with the '100' allele predominating in southern populations (Verspoor & Jordan, 1989) . In the absence of direct comparisons, it is difficult to speculate about the similarity between the brown trout and Atlantic salmon Me2* alleles and the '50' and '90' alleles of brown trout. The allele ME2*50 was not found in the western Mediterranean drainage systems, indicating that this could be either a new allele appearing in the region of the eastern Mediterranean (southern Balkans and Asia Minor) and probably in the Caspian drainages too, or perhaps an ancestral one similar to the '100' allele of the Atlantic salmon which remains in those regions.
Null alleles were found at the LDH1* and LDH2* loci. A null allele at the LDH-1 * locus has been described at high frequency in populations of brown trout in Swedish lakes (Allendorf et al., 1984) . The effects on fitness of this null allele would vary 2.
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14. Table 3 Genetic identity (above diagonal) and genetic distance (below diagonal) of the Salmo trutta populations examined and seven populations previously investigated effect on trout living in a lake. Nevertheless, LDH1*n was found not only in lacustrine populations but in riverine ones also (Ferguson, 1989; Hansen et aL, 1993) (Table 2 ). It seems probable that at least in brown trout there is not a direct relation between the presence of the null allele and environmental conditions. Leary et al. (1993) reported a high frequency of a null allele at the LDH-1 * locus in rainbow trout (Oncorhynchus mykiss) and they suggested that the high frequency is the result of near selective neutrality of these genotypes in certain environments.
Locus
A polymorphism was found at the LDH2* locus, which can also be attributed to a null allele. This allele was at high frequency or even fixed in some populations (Table 2) . Generally, null alleles are rare in populations of diploids because of harmful phenotypic effects in homozygotes. Nevertheless, the loss of duplicate gene expression in polyploid fishes, such as salmonids, has been a common occurrence resulting in the existence of null alleles (Allendorf et al., 1975; Li, 1980) . According to Li (1980) duplicate genes, such as LDH1* and LDH2*, which do not exhibit tissue specificity or ontogenetic regulatory divergence provide the greatest opportunity for fixation of a null allele at one locus. This assumes that a null allele at only one locus will not be selected against. Probably this is the situation for the LDH2*n allele in the populations examined, where in some instances this allele was fixed (Table 2) . Nei (1975) regards mean heterozygosity as the most important way of measuring genetic variation. Ferguson (1989) reported that the values of observed heterozygosity range between 0 and 0.122 for brown trout populations. The degree of heterozygosity found in the present investigation varied significantly among the populations examined, but it is within the values reported for other populations of this species, with the 'Atlantic' populations exhibiting the higher values (Table 1) . The low degree of heterozygosity in some cases could be the result of bottleneck events. Most of the populations examined from the Mediterranean drainages live in small streams where fluctuations in the population size are probable; this results in a reduction of the genetic variability. Low values of genetic variability have been reported for populations of brown trout from the Aral Sea basin (Osinov, 1990) .
The values for genetic distance found in the populations examined ranged from 0 to 0.212 (Table 3 ).
The highest values were found among the Mediterranean and the Atlantic populations. Ferguson (1989) reported an average value for Nei's (1972) coefficient of mean genetic distance among brown trout populations of 0.026. This is typical of conspecific populations. Nevertheless, Osinov (1984) found (Ferguson & Fleming, 1983) . This is more apparent if we consider the results of F-statistics (Table 4) French populations (Krieg & Guyomard, 1985) .
These results indicate that the biggest proportion of variability is distributed among populations, a result which is important from a management perspective.
Origin of populations in relation to palaeo geographical events
The UPGMA tree (Fig. 2) suggests that there are four clusters, one of which consists only of the population from Agios Germanos (population e). The Ohrid trout has been classified as a different subspecies The results of the present investigation indicate clearly the existence of two different lineages in Greek brown trout populations. The clustering of the populations into the two different lineages corresponds to the delimitation of two different ichthyogeographical zones in Greece: the south Adriatic-lonian zone, which includes rivers of western and south-western Greece; and the PontoAegean zone, which includes rivers of northern and north-eastern Greece. The freshwater fishes of the latter zone are closely connected with the ichthyofauna of the Danubian and Black Sea rivers (Bianco, 1990; Economidis & Banarescu, 1991) . It seems more probable that the brown trout populations of this region are related to Danubian and Black Sea stocks. In contrast, the populations of western Greece seem to be related to western Mediterranean stocks. The only exception is the population from the Alfios river, in the Peloponnese, a river which belongs to Adriatic-lonian zone, and its brown trout population seems to be related to north-eastern populations of the species.
The divergence of the populations seems to be related to geological events. If the hypothesis of a molecular clock is valid, the time of divergence of different populations of a species or of different species can be approximately calculated from the values of Nei's genetic distance. Nevertheless, there is disagreement between various investigators about the value of the constant k in Nei's equation (t = kD, where t = time of divergence and D = genetic distance); sometimes this disagreement reaches a 4-fold difference. For fishes it is proposed that the value of the constant k is 20 x 106 (Vawter et a!., 1980) . Therefore the time of divergence between the Atlantic and Mediterranean populations is about 4 million years (late Miocene-Pliocene). The main geological event at this time was the isolation of the Mediterranean from the Atlantic and its transformation into a lake (Lago Mare) with connections to the Paratethys Sea (Black Sea and Caspian Sea) (SteiThe Genetical Society of Great Britain, Heredity, 76, 551-560. nenger & RogI, 1984) . The isolation of the Mediterranean from the Atlantic populations seems to date from that time. The time of separation of the Mediterranean stocks is about 1.6 million years (Pleistocene) . This is related to the beginning of the glacial periods, where isolation of the Aegean Sea from the rest of the Mediterranean and close connection of the North Aegean rivers with the Black Sea and Danubian drainages have been recorded (Bianco, 1990 
